Introduction {#sec1}
============

Chronic lymphocytic leukemia (CLL), characterized by highly variable clinical outcomes, is the most prevalent incurable B cell neoplasm in Western countries.[@bib1] In China, the incidence rate of CLL is increasing along with the aging population, Westernization of lifestyle, and the improvement of clinical diagnosis capacity. A number of patients can survive without progression, but other patients with high-risk factors suffer from poor prognosis.[@bib2]

Mitochondria are viewed as important fuels to maintain the bioenergetic, biosynthetic, and metabolic demands of cancer cells and are indicated to be the prime target for cancer therapy. Mitochondrial metabolism contributes to oxidative stress in CLL, and the mitochondrial mass and number are aberrant in CLL cells.[@bib3]^,^[@bib4] Inspiringly, we have accidentally discovered a distinct expression pattern of mitochondrial genome-derived circular RNAs (mt-circRNAs) in the plasma of CLL patients. mt-circRNAs seemingly exhibit novel biological characteristics different from nuclear genome-derived (nu)-circRNAs. Moreover, Shan et al.[@bib5] reported the roles of circRNAs encoded by the mitochondrial genome in the communication between mitochondria and nucleus. circRNAs, a special family of endogenous non-coding RNAs characterized by covalently closed continuous loops without 5′ to 3′ polarity, are reportedly widespread and stable in various tissues and body fluids with high exonuclease tolerance.[@bib6] In addition, mounting evidence indicates that circRNAs are enriched and stable in exosomes,[@bib7] which are small membrane vesicles with a typical diameter of 30--100 nm.[@bib8] Exosomes may play critical roles in regulating signaling transduction by delivering mRNAs, non-coding RNAs (e.g., microRNAs \[miRNAs\], long non-coding RNAs, circRNAs), and proteins between neighboring and distant cells.[@bib9]^,^[@bib10] Since CLL patients show specific expression of exosomal circRNAs in plasma, the function and clinical significance of circRNAs are important to explore. However, circRNAs as potential therapeutic targets have rarely been studied in CLL, let alone mt-circRNAs.

Ibrutinib, a small-molecule BTK inhibitor, can induce apoptosis of CLL cells and has shown remarkable efficacy for CLL patients.[@bib11] However, the main problems of ibrutinib are the reliability of patients and the occurrence of resistance.[@bib12] Venetoclax, a B cell lymphoma 2 (Bcl-2) inhibitor, is another new therapeutic option for relapsed or refractory CLL patients with 17p deletion. The protein BCL-2 family plays vital roles in the "programmed" cell death process, protecting cells from apoptosis via the mitochondria-mediated pathway, and it is associated with drug resistance.[@bib13], [@bib14], [@bib15] Although these small-molecule drugs have significantly improved the management of CLL patients, it is still urgent to screen out convenient and effective biomarkers and potential therapeutic targets related to the occurrence and development of CLL.

Herein, we report a novel circRNA, mc-COX2, which is generated by back-splicing from the *COX2* gene on the mitochondrial genome. mc-COX2 highly expressed in the plasma exosomes of CLL patients is closely related to prognosis. Moreover, mc-COX2 may exhibit some biological characteristics different from nuclear genome-derived (nu)-circRNAs. mc-COX2 is found to protect cells from apoptosis and promotes cell proliferation. Notably, we suggest that several chemical compounds and inhibitors targeting mitochondria have efficacy on CLL cells and have a synergistic anti-tumor effect with mc-COX2 RNA interference. This study demonstrates for the first time that mc-COX2 from mitochondria is highly expressed in CLL patients' plasma and exosomes and may be involved in disease progression.

Results {#sec2}
=======

Identification and Validation of mt-circRNAs in CLL Plasma and Cells {#sec2.1}
--------------------------------------------------------------------

circRNAs are reportedly involved in various diseases and play important roles in tumorigenesis.[@bib16]^,^[@bib17] However, little is known about the functions of circRNAs in hematological diseases, especially CLL. To unveil the expression profiles and potential biomarkers of circRNAs in CLL, we collected plasma samples from five treatment-naive CLL patients and five age- and sex-matched healthy donors (HDs) for circRNA microarray analysis. Results showed that 51 circRNAs were remarkably and abnormally expressed (fold change ≥ 2, p \< 0.05) in CLL plasma ([Figure 1](#fig1){ref-type="fig"}A). Surprisingly, among 28 upregulated circRNAs, the top four circRNAs were all mt-circRNAs ([Figure 1](#fig1){ref-type="fig"}B). The details of the top 10 upregulated circRNAs are listed in [Table 1](#tbl1){ref-type="table"}. To verify the existence of mt-circRNAs, we then focused on hsa_circ_0089762 (mc-COX2), one of the four mt-circRNAs mentioned above. RNA fluorescence *in situ* hybridization (FISH) was performed to confirm the enrichment of mc-COX2 ([Figure 1](#fig1){ref-type="fig"}C). Moreover, northern blot based on the head-to-tail probe of mc-COX2 showed that mc-COX2 was detectable within the splice sites. ciRS-7, the first reported nu-circRNA with regulatory function,[@bib18] was used as a control ([Figure 1](#fig1){ref-type="fig"}D). The results together showed that mc-COX2 was indeed circularly arranged and derived from mitochondria in CLL cells.Figure 1Identification and Validation of mt-circRNAs in CLL Plasma and Cells(A) Differentially expressed circRNAs on a cluster heatmap (fold change of ≥2). Red, high expression; blue, low expression. (B) circRNAs with four mt-circRNAs identified by a volcano plot with different colors and sizes. (C) Distribution of mc-COX2 revealed by RNA FISH. Scale bar, 10 μm. Representative images from one of three independent experiments. (D) Circular isoform of circ-RPL15 verified by northern blot. CiRS-7 was used as a quality control.Table 1Top 10 Upregulated circRNAs in CLL PlasmacircBase IDp ValueFold ChangeChromosomeGenomic Length (nt)Spliced Length (nt)hsa_circ_00897630.00223.21chrM5,7835,783hsa_circ_00088820.00513.52chrM8181hsa_circ_00023630.00313.40chrM6363hsa_circ_00897620.0089.81chrM396396hsa_circ_00137450.0113.66chr132,774334hsa_circ_01345010.0213.32chr7420420hsa_circ_01093200.0113.26chr19672672hsa_circ_00518860.0483.25chr193,492424hsa_circ_01093220.0063.24chr191,6801,680hsa_circ_00399430.0253.18chr16129129[^2]

Abundant mc-COX2 Enrichment in Exosomes Predicts Prognosis of CLL Patients {#sec2.2}
--------------------------------------------------------------------------

Regarding the remarkable expression of mc-COX2 in CLL plasma, we planned to further investigate its biological and clinical characteristics. First, plasma samples were collected from 54 untreated CLL patients and 40 HDs (age- and sex-matched) for quantitative polymerase chain reaction (qPCR) to evaluate the clinical values of mc-COX2. As expected, mc-COX2 was obviously more expressed in CLL patients compared with HDs ([Figure 2](#fig2){ref-type="fig"}A). Then, the CLL patients were divided into two groups according to the plasma mc-COX2 expression. Kaplan-Meier analysis showed that mc-COX2^high^ CLL patients had a significantly worse overall survival (OS) compared with the mc-COX2^low^ group ([Figure 2](#fig2){ref-type="fig"}B). The clinical characteristics of CLL patients are shown in [Table S2](#mmc1){ref-type="supplementary-material"}. As reported, mitochondrial metabolism and function play important roles in the occurrence and progression of CLL.[@bib3] TP53, which is regarded as a crucial prognostic indicator in CLL, is closely correlated with mitochondria respiration.[@bib19] Thus, we tried to determine the interrelationship between mc-COX2 and TP53. Results showed that the CLL patients with TP53 deletion rather than mutation displayed higher expression of mc-COX2 ([Figures 2](#fig2){ref-type="fig"}C and [S1](#mmc1){ref-type="supplementary-material"}A).Figure 2mc-COX2 Enriched in Exosomes from CLL Plasma Predicts Prognosis of CLL Patients(A) Expression of mc-COX2 in plasma samples from 54 untreated CLL patients and 40 HDs. p = 0.0011. (B) Kaplan-Meier survival curves of CLL patients with high (mc-COX2^high^, n = 27) or low (mc-COX2^low^, n = 27) mc-COX2 expression. p = 0.0073. (C) mc-COX2 expression associated with TP53 deletion. p = 0.001. (D) Plasma exosomes isolated and characterized by electron microscopy. (E and F) Flow cytometry (E) and western blotting (F) of exosomal markers CD63, CD81, and TSG101. (G) Size ranges of exosomes from particle size analysis. (H) High-expression of mc-COX2 in exosomes of CLL plasma via qRT-PCR. Data are shown as mean ± SD.

Evidence demonstrates that circRNAs are enriched and stable in exosomes, by which circRNAs can enter the circulation and be readily detected in the serum.[@bib7] Based on the result that mc-COX2 was highly expressed in CLL plasma, we speculated that mc-COX2 was delivered by exosomes into plasma from CLL cells. Thus, we collected plasma samples and isolated plasma exosomes from 20 CLL patients and 20 HDs. These vesicles were then characterized by electron microscopy ([Figure 2](#fig2){ref-type="fig"}D). In addition, the presence of exosomal markers CD63, CD81, and TSG101 were detected by flow cytometry and western blot, which further confirmed the purity of the isolated exosomes from plasma ([Figures 2](#fig2){ref-type="fig"}E and 2F). Measurement of exosome particle size is shown in [Figure 2](#fig2){ref-type="fig"}G. As expected, the results of qRT-PCR showed that mc-COX2 was highly enriched in exosomes from CLL plasma compared with normal controls ([Figure 2](#fig2){ref-type="fig"}H). The results imply that mc-COX2 is abundant in exosomes and can be delivered into plasma from CLL cells.

Characterization of mc-COX2 {#sec2.3}
---------------------------

hsa_circ_0089762 was generated from *COX2* on the mitochondrial genome and thus was termed mc-COX2 here. The presence of mc-COX2 in MEC-1 (a CLL cell line) and HEK293T (a human embryonal kidney cell line) was validated by sequencing the RT-PCR products amplified with specific spanning junction primers ([Figure 3](#fig3){ref-type="fig"}A; [Table S1](#mmc1){ref-type="supplementary-material"}). RNase R exonuclease and actinomycin D were used to validate the stability of RNA isoforms. Unexpectedly, compared with ciRS-7 and circ-RPL15 (another nu-circRNA identified and confirmed to be highly expressed in CLL plasma in our previous study[@bib20]), mc-COX2 can be degraded by RNase R to a certain extent. However, mc-COX2 was more tolerant against RNase R compared with linear mRNA GAPDH ([Figure 3](#fig3){ref-type="fig"}B). Consistent results were shown after actinomycin D treatment ([Figures 3](#fig3){ref-type="fig"}C and [S2](#mmc1){ref-type="supplementary-material"}A). Furthermore, the results of qRT-PCR using random hexamer primers and oligo(dT)~18~ primers showed that mc-COX2 was a circRNA isoform without a poly(A) tail ([Figure S2](#mmc1){ref-type="supplementary-material"}B). The abundance of ciRS-7, circ-RPL15, and GAPDH was detected at the same time both for comparisons and as controls. The above results suggest that mc-COX2 is less stable than ciRS-7 and circRPL15, but is much more stable than linear RNAs.Figure 3Characterization of mc-COX2(A) Genomic loci and basic characteristics of mc-COX2. Amplified products from MEC-1 and HEK293T cells with spanning junction primers with or without RNase R treatment verified by Sanger sequencing. (B and C) qRT-PCR for the abundance of mt-circRNA, nu-circRNAs, and liner mRNA treated with (B) RNase R and (C) actinomycin D. (D) Venn diagram of overlapping RBPs with binding sites of mt-circRNAs predicted by CircInteractome. (E) Expression change of mc-COX2 after knockdown of AGO2. (F) RIP assay of AGO2 compared with immunoglobulin G (IgG) antibody. Abundance of mc-COX2 was detected by qRT-PCR. Data are shown as mean ± SD.

RNA-binding proteins (RBPs) are involved in the biosynthetic process of circRNAs.[@bib21] Given that plentiful binding sites of RBPs are present on the mitochondrial genome, which can generate mt-circRNAs, we wondered whether RBPs can modulate the biogenesis of mt-circRNAs. Of the top five RBPs, which were predicted to bind with the four mt-circRNAs via CircInteractome (<https://circinteractome.nia.nih.gov>), the Venn diagram screened out three potential RBPs (AGO1, AGO2, and FMRP) ([Figure 3](#fig3){ref-type="fig"}D). The binding sites of AGO2 are shown in [Figure S2](#mmc1){ref-type="supplementary-material"}C. However, the results of qRT-PCR found that after the effective knockdown of AGO2, AGO1, and FMRP with small interfering RNAs (siRNAs), the mc-COX2 expression did not significantly change in MEC-1 ([Figures 3](#fig3){ref-type="fig"}E, [S2](#mmc1){ref-type="supplementary-material"}D, and S2E).

Since circRNA has been widely demonstrated to function as competitive endogenous RNA (ceRNA),[@bib22]^,^[@bib23] we then evaluated the potential of mt-circRNAs to sponge miRNAs. An RNA immunoprecipitation (RIP) assay with an AGO2 antibody was performed to examine the binding ability of circRNAs to AGO2 protein, which is regarded as the precondition for circRNAs functioning as ceRNAs. Unlike ciRS-7, mc-COX2 cannot be enriched with the AGO2 antibody ([Figures 3](#fig3){ref-type="fig"}F and [S2](#mmc1){ref-type="supplementary-material"}F). Thus, we speculated that mc-COX2 and even other mt-circRNAs may function through special mechanisms that are different from nu-circRNAs.

mc-COX2 Impacts Mitochondrial Functions and Regulates CLL Cell Growth {#sec2.4}
---------------------------------------------------------------------

circRNAs are reportedly associated with the occurrence and development of various human diseases.[@bib24]^,^[@bib25] To investigate the functional effects of mc-COX2 in CLL, we performed a loss-of-function analysis. Three siRNAs that targeted mc-COX2 were designed and transfected in CLL cell lines. The second one with the highest transfection effect was finally selected ([Figure 4](#fig4){ref-type="fig"}A). RNA FISH further verified that si-mc-COX2\#2 can reduce the abundance of mc-COX2 ([Figure 4](#fig4){ref-type="fig"}B).Figure 4Knockdown of mc-COX2 Affects Mitochondrial Functions and Promotes Apoptosis of CLL Cells(A and B) Efficiency of siRNAs was detected by (A) qRT-PCR and (B) RNA FISH. Scale bar, 10 μm. (C and D) MMP analyzed by JC-1 fluorescent probe (C) and ATP levels in CLL cells after knockdown of mc-COX2 (D). (E--G) Cell proliferation (E and F) and apoptosis analysis (G) of CLL cell lines and CLL primary cells. The apoptosis ratio was determined. CLL cell lines: MEC-1 and JVM3; primary cells: CLL-1. Data are shown as mean ± SD.

Given that mc-COX2 is derived from mitochondria genome, we wondered whether mc-COX2 expression can regulate mitochondrial functions. We analyzed mitochondrial membrane potential using a JC-1 fluorescent probe and found that the knockdown of mc-COX2 reduced the red fluorescent protein (RFP)/GFP ratio ([Figure 4](#fig4){ref-type="fig"}C). Moreover, regulation of the ATP level by mc-COX2 was examined via an ATP assay. ATP production significantly decreased after suppressing mc-COX2 ([Figure 4](#fig4){ref-type="fig"}D). Then, to explore the roles of mc-COX2 in cell growth, we tested CLL cell lines (MEC-1, JVM-3) and the primary cells from CLL patients (CLL-1) via a Cell Counting Kit-8 (CCK-8) assay. The results indicated that cell viability was significantly higher in cells transfected with negative controls than those with si-mc-COX2 ([Figure 4](#fig4){ref-type="fig"}E). Flow cytometry also revealed that the decrease of mc-COX2 levels evidently induced cell apoptosis ([Figure 4](#fig4){ref-type="fig"}F). The same result was verified in the primary cells from one CLL patient, and the percentage of apoptotic cells was quantified ([Figure 4](#fig4){ref-type="fig"}G). These results indicate that mc-COX2 not only modulates mitochondrial function, but it also markedly regulates cell proliferation and apoptosis.

Mitochondria-Related Compounds and Inhibitors Can Reduce mc-COX2 and Suppress Proliferation of CLL Cells {#sec2.5}
--------------------------------------------------------------------------------------------------------

Reportedly, mitochondrial biogenesis and the number of mitochondria are increased in CLL cells compared to normal B lymphocytes.[@bib3] We then wondered whether the mc-COX2 expression was positively associated with the mass and number of mitochondria. Carbonyl cyanide 3-chlorophenylhydrazone (CCCP), an uncoupler of the electron transport chain (ETC), can lead to mitochondrial failure and cell apoptosis.[@bib26] After the CLL cell lines were treated with CCCP even at a low dose, mc-COX2 was dramatically downregulated at different time points ([Figure 5](#fig5){ref-type="fig"}A). The treatment with 5 μM or a higher dose of CCCP clearly inhibited cell proliferation. However, silencing of mc-COX2 changed the results at low concentrations and enhanced the inhibition compared with the single treatment of 1 μM CCCP or mc-COX2 ([Figure 5](#fig5){ref-type="fig"}B). After incubation with doxycycline, an antibiotic that can disrupt mitochondrial biogenesis and reduce cancer stem cells,[@bib27]^,^[@bib28] mc-COX2 was predominantly reduced in the CLL cells ([Figure 5](#fig5){ref-type="fig"}C). Moreover, cell growth was inhibited by a certain dose of doxycycline, and this effect was potentiated by the knockdown of mc-COX2 ([Figure 5](#fig5){ref-type="fig"}D). Furthermore, after treatment with metformin, an effective inhibitor of the mitochondrial respiratory chain that can decrease the incidence, progression, and mortality of different human cancers,[@bib29]^,^[@bib30] mc-COX2 was significantly downregulated in CLL cells ([Figure 5](#fig5){ref-type="fig"}E), and cell proliferation was inhibited in a dose- and time-dependent manner, which are consistent with a previous study.[@bib31] Moreover, the anti-leukemic activity was enhanced in combination with si-mc-COX2 ([Figure 5](#fig5){ref-type="fig"}F).Figure 5Effects of Chemical Compounds on CLL Cells(A, C, and E) Expression levels of mc-COX2 in CLL cells treated with a range dose of three chemical compounds (A, CCCP; C, doxycycline; E, metformin) at different time points. (B, D, and F) CCK-8 analysis of cell growth with the three chemical compounds (B, CCP; D, doxycycline; F, metformin) and/or with si-mc-COX2. Data are shown as mean ± SD.

To further investigate the effect of mitochondria on mc-COX2, we selected four mitochondria-related small-molecule inhibitors (daporinad, PI-103, OSI-027, ABT-199). Daporinad,[@bib32] PI-103,[@bib33]^,^[@bib34] and ABT-199[@bib35]^,^[@bib36] are potent inducers of CLL cell apoptosis, even in patients with TP53 dysfunction or other high-risk features. All four inhibitors can inhibit mc-COX2 expression and cell proliferation in CLL cells ([Figures 6](#fig6){ref-type="fig"}A--6F). Moreover, OSI-027, a potent and selective mTOR inhibitor, has the potential for anti-pancreatic-cancer activity,[@bib37]^,^[@bib38] but its function in CLL is still unknown. Results showed that the 3 μM OSI-027 treatment exhibited a dose-dependent anti-leukemic activity and completely inhibited cell growth ([Figure 6](#fig6){ref-type="fig"}E). These data suggest that the damage and number of mitochondria both affect the biogenesis of mc-COX2. More importantly, mc-COX2 reduction was already evident at 6 h after treatment, indicating it is an early event in biological generation. Additionally, CLL cells were significantly more responsive to these compounds with the cooperation of mc-COX2 interference. Thus, mc-COX2 may be a complement target to enhance their efficacy and/or allow dose reduction for improved drug sensitivity.Figure 6Effects of Small Molecular Inhibitors on CLL Cells(A and B) Expression levels of mc-COX2 in CLL cells treated with a range dose of inhibitors in (A) MEC-1 and (B) JVM-3 at different time points are shown. (C--F) CCK-8 analysis of cell growth with (C) daporinad, (D) PI-103, (E) OSI-027, and (F) ABT-199. Data are shown as mean ± SD.

Discussion {#sec3}
==========

circRNAs have drawn extensive attention from the cancer research field recently.[@bib39]^,^[@bib40] The role of circRNAs in CLL has also been emphasized, including their effects on modulating disease progression. Additionally, circRNAs are potential diagnostic biomarkers and therapeutic targets in CLL.[@bib20]^,^[@bib22]^,^[@bib41] With the rapid development of CLL diagnosis and therapy strategies during the last few decades, several high-risk features, such as IGHV mutation status, TP53 mutation, and 17p deletion, have been regarded as useful assistants for Rai and Binet staging systems, which were proved to be robust prognostic tools for CLL patients.[@bib42], [@bib43], [@bib44], [@bib45] However, the lack of convenient and reliable biomarkers is a hindrance in monitoring CLL progression. Thus, it is urgent to screen effective new biomarkers and explore potential therapeutic targets associated with CLL initiation and progression.

As reported, circRNAs as proto-oncogene or tumor suppressor factors play crucial roles in tumor occurrence and development. circRNAs in exosomes have been found in certain cancers.[@bib7]^,^[@bib46] However, the functions and clinical significance of circRNAs in CLL have been rarely studied. In our research, first, we demonstrated the existence of mt-circRNAs and the evident upregulation of mc-COX2 in CLL plasma. mc-COX2 was positively correlated with TP53 deletion, which is crucial to the evaluation of prognosis. Also, the results highlight its applicability as a promising prognostic indicator for CLL. Remarkably, the high mc-COX2 expression can be examined and stabilized in plasma exosomes of CLL patients, which has not been reported before. Next, we unraveled the biological characteristic of mc-COX2. Compared with nu-circRNAs, mt-COX2 was less stable, but it was still significantly more stable than linear RNAs. Meanwhile, mc-COX2 cannot bind to AGO2 protein, suggesting it probably functions via other mechanisms instead of acting as ceRNA. Mitochondria play an important role in cellular metabolism and are involved in cell fate. Targeting mitochondrial bioenergetics and metabolic alterations has become an interest in the realm of cancer therapy.[@bib47] We noticed the modulating effect of mitochondria on mc-COX2 expression level and explored the effects of mitochondria-related compounds on CLL cell growth. Low-dose or transient treatment with chemical compounds was sufficient to damage mitochondria and interrupt the mc-COX2 expression. Additionally, small-molecule inhibitors also abrogated cell proliferation and this effect was enhanced in combination with mc-COX2 silencing. The inference of these results is two-sided: they indicate that the status of mitochondria modulates the expression of mt-circRNAs, but they also suggest a strategy for dual inhibition treatment.

In summary, (1) mt-circRNAs are highly expressed in the plasma of CLL patients. (2) mc-COX2 is stably expressed in exosomes, and it may not only serve as a new "liquid biopsy" biomarker for CLL prognosis, but it may also provide potential diagnostic implications for patients. (3) mc-COX2 exhibits some biological and functional characteristics that differ from nu-circRNAs. (4) mc-COX2 can dampen mitochondrial function and modulate cell fate. Moreover, mitochondria can be severely compromised following the treatment with mitochondria-related compounds, including novel inhibitors that have not been studied in CLL, such as OSI-027. Shan et al.[@bib5] first reported the existence of circRNAs from human and mouse mitochondria. They revealed the physiological role of mt-circRNAs in regulating protein importation, which has broadened our view of understanding circRNAs and mitochondria. In the present study, we proposed the existence and unique biological function of mt-circRNAs in CLL. Notably, it is inspiring to find the presence of mt-circRNAs in plasma exosomes. Nevertheless, much remains unknown about mt-circRNAs, including their origin and degradation. More importantly, it is necessary to explore how mt-circRNAs regulate mitochondria and affect disease progression.

Materials and Methods {#sec4}
=====================

Patient Samples and Isolation of Exosomes from Plasma {#sec4.1}
-----------------------------------------------------

Plasma samples were collected from 54 untreated CLL patients and 40 HDs at Jiangsu Province Hospital between 2013 and 2018. After cells and other debris were removed from plasma by centrifugation at 300 and 3,000 × *g*, the supernatants were centrifuged at 10,000 × *g* for 30 min to remove the shedding vesicles and other larger-sized vesicles. Finally, plasma exosomes were isolated using an ExoQuick-TC kit (Systems Biosciences, Mountain View, CA, USA) following the manufacturer's protocol. All patients were followed up on a regular basis, and OS time was determined from diagnosis to the date of death due to any cause or to the time of the last follow-up. This study was approved by the Ethics Committee of Jiangsu Province Hospital. Written informed consent was obtained from each participant.

circRNA Microarray {#sec4.2}
------------------

The circRNA expression profiles in plasma of five treatment-naive CLL patients and age- and sex-matched HDs were analyzed using a human circRNA array v2 (CapitalBio Technology, Beijing, China). circRNAs with fold changes ≥2.0 and p ≤0.05 were identified as significantly and differentially expressed.

Cell Culture and Transfection {#sec4.3}
-----------------------------

The CLL cell lines (MEC-1 \[TP53-mutant\], JVM-3 \[TP53-wild-type\]) and HEK293T cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium and Dulbecco's modified Eagle's medium (DMEM) (Biological Industries), respectively, supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin and maintained at 37°C with 5% CO~2~. MEC-1 cells and HEK293T cells were transfected with a Lipofectamine stem reagent and a Lipofectamine 2000 reagent (both Invitrogen, Carlsbad, CA, USA), respectively, according to the manufacturer's instructions. The siRNAs used in our research were designed and synthesized by RiboBio (Guangzhou, China).

Reagents {#sec4.4}
--------

Daporinad (catalog no. S2799), venetoclax (catalog no. S8048), OSI-027 (catalog no. S2624), PI-103 (catalog no. S1038), and doxycycline (catalog no. S5159) were obtained from Selleck Chemicals (Houston, TX, USA). CCCP (catalog no. HY-100941) and metformin hydrochloride (catalog no. HY-17471A) were purchased from MedChemExpress (Greenville, SC, USA). Anti-CD63 (ab59479), anti-CD81 (ab79559), and anti-TSG101 (ab125011) antibodies for immunoblotting and flow cytometry were purchased from Abcam (Cambridge, UK).

ATP Assay {#sec4.5}
---------

ATP concentrations were tested with an enhanced ATP assay kit (Beyotime, Shanghai, China) according to the manufacturer's instructions. Cells were lysed with an ATP lysis buffer and centrifuged at 12,000 × *g* and 4°C for 5 min. The supernatants were collected and added with an ATP working solution. After incubation for 3--5 min at room temperature, the intracellular ATP contents were measured with a luminometer.

Mitochondrial Membrane Potential (MMP) {#sec4.6}
--------------------------------------

MMP was detected using an MMP assay kit with JC-1 (Beyotime). Cells were incubated with 500 μL of a JC-1 working solution at 37°C for 20 min. The fluorescence-labeled cells were then washed twice and analyzed by flow cytometry.

CCK-8 Assay {#sec4.7}
-----------

Cells were seeded in 96-well plates at a density of 1 × 10^4^ cells/well in triplicate and incubated at 37°C. Cell viability was determined by a CCK-8 kit (APExBIO, Houston, TX, USA) according to the manufacturer's instructions. The solution was measured spectrophotometrically at 450 nm.

Cell Apoptosis Assay {#sec4.8}
--------------------

Cells after different treatments were collected and washed in cold phosphate-buffered saline (PBS). After incubation with propidium iodine (PI)/annexin V-fluorescein isothiocyanate (FITC) staining (annexin V-Alexa Fluor 647/PI apoptosis detection kit) at room temperature and away from light for 15 min, cell apoptosis was detected by flow cytometry.

RNA Preparation and qRT-PCR {#sec4.9}
---------------------------

Total RNA was extracted from cells using TRIzol reagent (Life Technologies) according to the manufacturer's instructions. Plasma RNA was extracted using a TIANamp virus RNA kit (Tiangen, Beijing, China). For the detection of RNA stability, total RNA (2 μg) was incubated with 1 μL of RNase R (Epicenter Technologies, Madison, WI, USA) at 37°C for 20 min. Actinomycin D (2 μg/mL) was added to the culture medium, and cells were collected at the appointed time. RIP experiments were performed with a Magna RIP RBP immunoprecipitation kit (Millipore, Bedford, MA, USA) to obtain RNAs, which were used to detect the abundance of circRNAs. RNAs were reverse transcribed using Goldenstar RT6 cDNA synthesis kits (Tsingke, Beijing, China) with random primers or oligo(dT)~18~ primers. Also, qPCR was performed with Hieff qPCR SYBR Green master mix (Yeasen, Shanghai, China). GAPDH mRNA was used as a control. Primers are listed in [Table S1](#mmc1){ref-type="supplementary-material"}.

Northern Blotting {#sec4.10}
-----------------

RNA (10--20 mg) for detection of endogenous circRNAs was denatured and loaded onto a 1% agarose gel. Electrophoresis was carried out overnight at 25 V and 4°C. RNA was transferred onto Hybond-N+ membranes (Amersham, USA) by capillarity for 20 h after being washed in 20× saline sodium citrate (SSC). Prehybridization and hybridization were then performed in 10.0 mL of DIG Easy Hyb with denatured probes (designed by Zoonbio Biotechnology, Nanjing, China) at 68°C. The membranes were then washed, blocked, and exposed on phosphorimager screens for analysis.

RNA FISH {#sec4.11}
--------

An RNA FISH assay was performed using a FISH kit (RiboBio, Guangzhou, China) according to the manufacturer's guidelines. Cy3-labeled mc-COX2 probes (RiboBio) and mitochondrion-selective probes (MitoTracker Green FM, Invitrogen) were measured by visualization under confocal microscopy.

Statistical Analysis {#sec4.12}
--------------------

Statistical analyses were performed using Student's t test in GraphPad Prism 7.0. OS was assessed with the Kaplan-Meier method and compared by the log rank test. Correlations were analyzed by Pearson's correlation test. All data generated or analyzed during this study are included in the published article and accompanying [Supplemental Information](#mmc1){ref-type="supplementary-material"}.
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